The results of an experimental investigation on the effect of vortex generators, in the form of small tabs at the nozzle exit on the evolution of a jet, are reported in this paper. Primarily tabs of triangular shape are considered, and the effect is studied up to a jet Mach number of 1.8. Each tab is found to produce a dominant pair of counter-rotating streamwise vortices having a sense of rotation opposite to that expected from the wrapping of the boundary layer. This results in an inward indentation of the mixing layer into the core of the jet. A triangular-shaped tab with its apex leaning downstream, referred to as a delta tab, is found to be the most effective in producing such vortices, with a consequential large influence on the overall jet evolution. Two delta tabs, spaced 180" apart, completely bifurcate the jet. Four delta tabs stretch the mixing layer into four "fingers," resulting in a significant increase in the jet mixing downstream. For six delta tabs the mixing layer distortion settles back to a three tiger configuration through an interaction of the streamwise vortices. The tabs are found to be equally effective in jets with turbulent or laminar initial boundary layers. Two sources of streamwise vorticity are postulated for the flow under consideration. One is the upstream "pressure hill," generated by the tab, which constitutes the main contributor of vorticity to the dominant pair. Another is due to vortex filaments shed from the sides of the tab and reoriented downstream by the mean shear of the mixing layer. Depending on the orientation of the tab, the latter source can produce a vortex pair having a sense of rotation opposite to that of the dominant pair. In the case of the delta tab, vorticity from the two sources add, explaining the strong effect in that conftguration.
I. INTRODUCTION
The effect of tabs, or small protrusions in the tlow at the exit plane of a nozzle, on the evolution and mixing of an axisymmetric jet is considered in this paper. The investigation was initiated in 1990 as part of our continuing effort for mixing enhancement and noise reduction in highspeed jets, driven partially by the High Speed Civil Transport (HSCT) program. Around that time, the etfect of tabs gained considerable attention among researchers at NASA, primarily due to the contract work done by Ahuja and associates (see, e.g., Ref. 1) . The jet spread rate was apparently increased considerably by the tabs, so much so that they were dubbed as the "super mixers." The potential for increasing mixing, especially in supersonic jets, where spread rates and turbulence levels are known to decrease with increasing compressibility,213 provided the motivation for the present work.
A literature search identified a few earlier studies that has examined the effect of tabs. It has been known for a long time that a tab can eliminate screech noise from supersonic jets (see, e.g., Ref. 4) . A screech is a loud tone emitted by a supersonic jet when operated at off-design nozzle pressure ratios. The feedback from the noise produced by coherent turbulent structures passing through the stationary shocks and expansions in such a jet generates new coherent structures at the nozzle lip. The established feedback loop yields the screech. Tanna investigated the phenomenon of screech elimination by tabs in some detail5 He conjectured that azimuthal symmetry of the flow at the nozzle lip was required for the feedback loop to be established. This was disrupted by the tab breaking the feedback loop and thus causing the screech to disappear. However, the focus in Tanna's study was the noise field and the corresponding effect on the flow field remained unexplored. A knowledge of the latter should clearly be a first step in order to gain a complete understanding of the mechanism involved.
The most notable work on the effect of tabs and tablike devices on the jet flow field is that of Bradbury and Khadem.6 These investigators studied the effect in a subsonic jet, and also observed a significant increase in the centerline velocity decay caused by the tabs. With the use of two tabs, "the apparent potential core length was reduced to about two diameters followed by a rapid decay of the centerline mean velocity." They considered the "stirring" action of trailing vortex motions shed from the tabs as a possible mechanism for the observed effect. However, they could not detect such vortex motion using wool tufts, which led to the inference that the effect was likely to be due to the "circumferential variations in flow angle produced by the tabs." It was apparent, however, that the simple tuft method could be quite inadequate and the resubs contained in the paper might not be, in the authors' own words, "... as comprehensive as one would wish."
It would be fair to say that the flow mechanism responsible for the effect of the tab was far from clear when the present investigation was started. In fact, it would not be an exaggeration to say that even the basic changes in the mixing layer caused by a tab were virtually unclear. Thus, the present investigation was begun with the initial objective of examining the flow field distortion through flow visualization, preceded by limited quantitative measurements to con&m and compare with the results of previous studies. During this initial phase the tab geometry used was essentially the same as that followed in Ref.
1. This consisted of a rectangular tab projecting normally into the flow at the nozzle exit. This configuration, to be referred to as the "simple tab" in the following, is shown schematically in Fig. 1 (a) . The results obtained from the initial investigation with the simple tabs have been published.7 These results are Arst summarized briefly; the reader may consult Ref. 7 for further details.
In eliminating the screech noise from supersonic jets, a simple tab also drastically altered the shock/expansion structure. The shocks were weakened and their spacings were reduced. The tabs were9 however, found to be less effective or ineffective in overexpanded supersonic jets. Flow visualization showed a profound distortion of the jet cross section caused by the tabs. Each tab had the effect of producing an inward indentation into the core of the jet, which persisted far downstream. The distortions produced were similar at subsonic and supersonic conditions. Thus, the primary mechanism of the effect was inferred to be independent of compressibility. Based on the observed flow distortions, it was conjectured that each tab generated a pair of streamwise vortices that were of the "trailing vortex" type rather than of the 'necklace vortex" type. The vorticity generation mechanism was, therefore, thought to be a pressure-driven inviscid phenomenon. In order to be effective, the tab needed to produce a substantial pressure differential between its upstream and downstream sides. This notion reconciled the observed ineffectiveness of the tab in the overexpanded flow, as an adverse pressure jump existing near the nozzle lip in that condition diminished the pressure differential created by the tab.
The inferences in Ref. 7 were mainly based on the flow visualization results without quantitative confirmations.
The investigation was continued to obtain such confirmations, shedding further light onto the underlying tlow mechanisms. In addition, data of engineering interest, e.g., thrust loss, increase in mixing, and reduction in noise, were acquired for possible application purposes. First, a parametric study was conducted on the tab geometry to optimize the effect for a given area blockage. It was found that a triangular-shaped tab produced flow field distortion essentially similar to that produced by a simple tab. However, a more pronounced distortion of the jet and resultant increase in mixing could be achieved when the triangularshaped tab was tilted backward, i.e., having its apex leaning downstream. This configuration, referred to as the "delta tab," is shown schematically in Fig. 1 (b) ; the geometry will be explained further in Sec. II. For the same area blockage, the effect of the delta tab is found to be the most pronounced among the various tab geometries examined to date.
The effect of the delta tabs is the main consideration in the present paper. The jet cross section could be distorted in a variety of ways, depending on the number and placement of the delta tabs. Preliminary results on the effect of the delta tabs have been presented in an earlier conference paper.* Some of the tab combinations resulted in a large increase in the entrainment with relatively small thrust loss, as discussed in the following. Limited flow visualization data are presented for subsonic jets with the delta tabs to reaffirm that the effect in that condition is essentially the same as in supersonic condition. Additional results with the simple tabs are also included to evaluate the influence of boundary layer thickness, and state, on the effect produced by the tab. Results obtained on vorticity distribution and pressure gradients produced by the tabs are discussed next. Finally, an attempt is made to identify the main sources of streamwise vorticity in the flow.
II. EXPERIMENTAL FACILITY AND METHOD
The experiments were carried out in a small jet facility at the NASA Lewis Research Center. Compressed air with a maximum pressure of 560 kPa (80 psig) and approximately ambient temperature was supplied through one end of a 11 cm diam plenum chamber (Fig. 2) . The flow exited through a 3.81 cm diam "nipple" on the opposite end of the plenum, to which nozzles of different shapes could be attached. The entrance to the "nipple" was rounded with an approximate radius of curvature of 0.64 cm. For the data presented in this paper a convergent nozzle was used that is also shown schematically in Fig. 2 . It was machined from a solid block of clear plastic, and the inside was contoured according to a fourth-order polynomial, terminating in a short cylindrical section of diameter, D= 1.27 cm. Two extension pieces having lengths, L= 1.27 and 5.04 cm, could be attached to the nozzle to provide different exit boundary layer characteristics at a given Mach number. A trip ring could be placed at the inlet junction, which, together with the longer extension piece, provided a turbulent boundary layer at the exit. A. Tab geometry
At the end of each extension piece (Fig. 2) ) a retainer disk could be attached to hold tabs of different shapes and sizes. Two simple tabs, with square ends, are shown in the end view on the right. For a simple tab the protrusion height into the flow is denoted by "h" and the width by "w" [ Fig. 1 (a) ]. Unless otherwise specified, a simple tab has the dimensions h/DzO.17 and w/D=O.O8. The delta tab, as stated before [ Fig. 1 (b) ], is a triangular-shaped tab with orientation 4~ 135". The apex angle is about 90", and the dimensions are such that the blockage due to each delta tab is between 1.5% and 2% of the nozzle exit area. The delta-tabs were hand sheared and bent, and thus the angles and dimensions quoted are not precise. Furthermore, these were positioned under the retainer disk by eye estimation, and thus some differences were likely to have occurred from set to set of the experiment. This should explain some minor difference in certain repeated data, as noted later.
B. Experimental method
For the supersonic jets, the notation &Ii is used to denote the "fully expanded Mach number," i.e., the Mach number had the jet expanded to ambient pressure (p,) for a given plenum pressure, pti The subscript "e" is used to denote conditions at the nozzle exit. Standard total pressure measurements, with a 0.76 mm (o.d.) Pitot tube, were conducted to obtain centerline variation of the stagnation pressure (p&. The same Pitot tube was used to measure detailed cross-sectional distributions of Mach number in the subsonic regions of the flow. Integration of these data provided the mass flux. A single hot wire was used to measure the boundary layer characteristics at the nozzle exit for subsonic conditions. All probe traverses, data acquisition, and analysis were done with a Microvax computer. Details of vorticity and thrust measurement techniques will be discussed along with the corresponding data.
Flow visualization pictures were obtained by laser sheet illumination. For the supersonic jets this was performed without any artificial seeding of the flow. The cold supersonic jet core caused natural moisture condensation in the mixing layer from the entrained ambient air. The condensed/frozen moisture particles, and therefore the mixing layer regions, were illuminated by the laser sheet.7 For the subsonic jets, cigar smoke was forced into the plenum chamber, so that the core of the jet was illuminated by the laser sheet. A 4 W argon-ion laser was used as the light source. A gated double-intensified CCD camera was used to record successive images on a super-VHS videotape. The exposure time (T) for each frame was long ( TUj/D > 270), so that the pictures represent averages rather than instantaneous flow fields. All the quantitative data presented in this paper are also time averages representing the mean flow characteristics.
C. The exit boundary layer
The jet exit boundary layer characteristics were measured using a hot wire at Mach numbers Mj=O.3 and 0.5. These are listed in Table I . For the short extension (L = 1.27 cm), the boundary layer was found to be "nominally laminar," with the momentum thickness 0/D varying as C ReD -1'2, the constant C having a value of unity. For the long extension (L-5.04 cm) and the trip ring, the value of 8/D varied little with ReD. The boundary layer was considered "nominally turbulent" in this case.
At Mj=O.3 and 0.5, the turbulence intensity at the nozzle exit center was measured to be about 0.5%. With a turbulence generating grid in the upstream plenum, the core turbulence could be increased to about 3%. The boundary layer characteristics and the turbulence intensity in the supersonic regime remain unknown, as presently it is extremely difficult to make such measurements in compressible flows with adequate spatial resolution and accuracy. However, thrust measurement results, to be discussed later, do indicate that the boundary layer state for a given nozzle configuration remained the same throughout the subsonic and supersonic regimes. Most of the data for the supersonic regime discussed in the following are for the short extension case, the corresponding exit boundary layer state is thus likely to be laminar.
Ill. RESULTS
A. Effect on jet spread, thrust, and noise Jet spread: A large increase in the apparent spreading of the jet under the influence of the tabs is indicated by the data shown in Fig. 3 shock produced by the Pitot probe itself. In the subsonic flow regions downstream, of course, the measured pressure represents the local stagnation pressure.
The curves in Fig. 3 are characterized by the oscillations due to the standing shock/expansion structure in the jet. It is likely that some finer details in these oscillations, especially near the jet exit, are affected by probe interference; however, the overall trends should be well represented. For the natural jet (solid curve), there is a rapid initial decrease and a subsequent recovery in pa with the superimposed oscillations. A similar trend for moderately underexpanded jets has been reported by others, e.g., in Ref.
9. In such a jet, the flow expands from the nozzle exit up to a Mach disk. Between the nozzle exit and the Mach disk, Mach number increases but stagnation pressure (ptl ) remains approximately constant, thus, pa decreases. The centerline flow just downstream of the Mach disk is subsonic, but the flow then accelerates to supersonic conditions farther downstream. Even farther downstream, as expected, there is a gradual decay of the stagnation pressure due to turbulent diffusion.
The tabs alter and weaken the shock/expansion structure drastically. The jet centerline stagnation pressure (and thus Mach number) is found to decay much faster, which is generally an indication of increased jet spread. The effect is most pronounced with two delta tabs, somewhat less with two simple tabs, and the least with four delta tabs. However, the centerline data are not fully representative of the actual jet spread. Two delta tabs essentially bifurcate the jet, as will be shown in the following, and thus the effect in this context for this case is overemphasized by the centerline data.
Mach number (M) distributions over a cross-sectional plane of the jet were measured with the Pitot tube for Mj= 1.63. These data were taken far enough downstream so that the flow was subsonic everywhere and the static pressure had relaxed to ambient pressure;7 hence the Mach number could be calculated reliably from only the Pitot tube measurement. Figure 4 shows the M contours at x/D =14 for different numbers of delta tabs, in each case, spaced equally at the nozzle exit. The enormous effect of the delta tabs on the jet spread can be readily appreciated. Two delta tabs split the jet core into two. Four delta tabs result in four indentations and appear to spread the jet cross section the most. For six delta tabs, however, the jet cross section shows only three major indentations. The nature of these deformations will become clearer with the flow visualization pictures presented in Sec. III B.
Integration of data similar to those shown in Fig Zaman, Reeder, and Samimyon the outer edges, the flux data should be considered as nominal. However, the relative trends in the data should be valid. The data in Fig. 5 clearly demonstrate the increased entrainment and spreading caused by the delta tabs. The two data points at x/D= 14 for two and six delta tabs also indicate that the effect is optimum with four delta tabs. [In calculating the exit mass flux, m, , the area blockage by the tabs has been taken into account. For example, for the same pressure ratio, m, for the four delta-tab case has been taken to be (4~ 1.5 = > 6% smaller than that for the no-tab case. This was not done for the corresponding data shown in Ref. 8, which were also only estimates based on four diametral profiles. This should explain some difference between the present data and those in Ref. 8. Note that even if the blockage were not taken into account, the inference regarding the optimum effect with four delta tabs would remain unchanged.] The increase in the flux at x/D= 14 for one, four, and six delta tabs, over that for the no-tab case, were found to be 24%, 54%, 80%, and 57%, respectively. As discussed further in Sec. III B, the area of the mixing layer exposed to the ambient is stretched the most by four delta tabs, among the cases considered, which apparently causes the optimum effect.
The four open data points on the left margin of Fig. 5 are for subsonic flows taken from the references indicated in the caption. These include one data point extrapolated from the results of Ref. 10 for a 3:l elliptic jet. For this case, the equivalent diameter based on nozzle crosssectional area, which should be appropriate for the present comparison, has been used to nondimensionalize x (hydraulic diameter was used in the reference). An elliptic jet has been known to undergo increased mixing compared to a circular jet (also see Ref. 11) . A similar observation was also made for supersonic elliptic jets;" however, quantitative data were not provided to enable direct comparison with the present jet case. Fist, one observes from Fig. 5 that the normalized flux for the subsonic jet (Refs. 13 and 14) is higher than that for the supersonic jet; this is expected because mixing layer spreading has been known to reduce with increased compressibility. Second, the elliptic jet flux even for the subsonic case does not exceed that of the four delta-tab case. (Although quantitative data is presently unavailable, one might expect a more favorable comparison for the four delta-tab case against supersonic elliptic jets.) Finally, the data from Ref. 13 also show that the increase in the flux due to the "preferred mode" acoustic excitation is far less than that achieved by the delta tabs. Thus, the increase in the jet mixing caused by the delta tabs may be considered quite significant.
Jet thrust: The jet thrust was measured with a onecomponent force measurement apparatus fabricated specially for the present facility. An auxiliary plenum chamber mounted on a linear bearing could be fitted with the same jet nozzle. The flow was routed via four flexible tubes directed radially into the auxiliary plenum. The thrust on the auxiliary plenum was measured by a load cell. The exit of the auxiliary plenum was first plugged and the forces due to the tautness of the feeding tubes were measured for difEerent pressure ratios. The zero-flow forces were subloo I-l---I) J------l 8o tracted from the forces measured with flow in order to obtain the actual thrust.
The thrust variation as a function of nozzle pressure ratio is shown in Fig. 6 . For clarity, only least-squares fitted curves through the data are shown; each curve is based on typically 15 data points. The group of curves on the lower side of the figure compares the effect of two and four delta tabs with the no-tab case. Also shown in this group is the isentropic prediction based on the assumption of "plug" flow, given by Thrust= (P,-p,)A,+f'&kM; , where, M, is the Mach number, &is the area, and P, is the static pressure at the nozzle exit; k is the ratio of specific heats for air. The first term in this expression is assumed zero for pdpa< 1.893 (i.e., for Mj < l), and M,=l for &pa> 1.893.
Note that for the no-tab case the boundary layer thickness is small (Table I) , and thus the assumption of "plug" flow should be quite valid. The excellent agreement of the no-tab case data with the prediction attests to the accuracy of the measurement. Relative to the no-tab case, increasing thrust loss is measured with increasing number of delta tabs for a given pressure ratio. The loss is found to be approximately 6% and 12% of the ideal thrust for the two and four delta-tab cases, respectively; thus, the loss is about 3% per delta tab. However, this does not take into account the reduction in thrust expected from the mere flow blockage. Recall that the area blockage per delta tab is between 1.5% and 2% of the nozzle exit area, which would, assuming "plug" flow, yield corresponding reductions in thrust. Thus, the actual thrust loss per delta tab, in producing the streamwise vortices and the tlow distortion, may be considered in a simplistic sense to be l%-1.5% of the ideal thrust. The 4%-6% net thrust loss for the four delta-tab case might be quite tolerable depending on the application. It is conceivable that the delta tabs could also be used in an "active" sense; they could be inserted when needed but withdrawn when not needed, depending on the application. Also, if screech noise elimination is the only goal, even one simple tab or delta tab would suffice;7 this would involve much less thrust loss. (The losses for a simple tab and a delta tab were found to be of similar magnitude.)
The pair of curves shown at the top of Fig. 6 are for "laminar" and "turbulent" initial boundary layer cases (these two are shifted by one major ordinate division). For the "turbulent" case, from the nozzle with the long extension and the boundary layer trip, consistently lower thrust is measured. For a circular nozzle with the assumption of large D/8, the ratio of thrust loss due to the boundary layer thickness to the ideal thrust can be estimated to be 48/D. Thus, referring to the boundary layer data in Table  I , approximately 5% loss is expected for the turbulent boundary layer case at Mjz0.3 and 0.5. The measured thrust loss turns out to be approximately of this magnitude at these Mach numbers, again confirming good accuracy of the data. The comparison of the thrust curves for the "laminar" and "turbulent" cases reveals another point. The consistent difference between the two curves, and the agreement of the "laminar" case with the prediction, suggest that the boundary layer state remained unchanged for a given nozzle configuration over the entire range of the pressure ratio. Had the boundary layer, say, for the short nozzle case, undergone transition to turbulence at a certain pressure ratio the two curves would have merged from that point onward.
Jet noise: The far field noise spectra with and without four delta tabs are shown in Fig. 7 . The no-tab case data (solid line) at this Mj ( = 1.63) is clearly marked by the screech component. The fundamental component at about 8.8 kHz corresponds to a Strouhal number of about 0.2, in agreement with observations by previous researchers.15 The delta tabs completely eliminate the screech component and its harmonics. About 5 dB reduction in the total noise is measured at $=O' for the jet under consideration. In addition to the screech components, the broadband levels are also reduced over most of the frequency range of the spectrum. A similar effect of four simple tabs on a jet from a converging-diverging nozzle was reported in Ref. 7. 
Flow visualization
Effect of multiple delta tabs: The effects of one, two, and four delta tabs, at x/D=2 for Fj= 1.63, are compared with the no-tab case in Fig. 8 . The pictures represent lasersheet illuminated cross sections of the jet at the measurement station. As stated in Sec. II, the visualization was done without any artificial seeding. The laser sheet illuminated the natural moisture particles condensed from the entrained air in the mixing layer. A cursory check with a Pitot tube confirmed that the brightest bands in these pictures correspond to the mixing layer. The amplitude of pn decreased through the bright bands, and was approximately equal to ambient pressure everywhere in the outside dark regions.
The distortions produced by the delta tabs on the jet cross section can be seen to be enormous. To the authors' knowledge, these distortions are far more than that observed in any previous investigation dealing with excitation and control of axisymmetric jets (see, e.g., Ref. 16 ). The distortions here can be found to be similar but more pronounced when compared to those produced by the simple tabs; evidence for this will be shown later in this section. As will be discussed shortly, the observed distortions are due to a pair of streamwise vortices originating from each delta tab. For the four delta-tab case, one vortex from a pair is presumably thrust against another from a neighboring pair, resulting in a pinching off of the jet core into the four "fingers."
The jet cross section at different x/D are shown in Fig.  9 for the influence of two delta tabs. The picture for x/D=2 appears somewhat different from the corresponding picture in Fig. 8 , because they were obtained at different times with different sets of delta tabs (Sec. II). By
the jet core is seen to be completely split. The "angle of bifurcation" is found to be almost 30", somewhat larger than that estimated from the corresponding data of Fig. 4 . The effect was sensitive to the size, shape, and placement of the delta tabs. However, the observed "bifurcation" explains why the centerline velocity decay was so fast for the two delta-tab case (Fig. 3) .
The corresponding effects of three, five, and six delta tabs at x/D=2 are shown in Fig. 10 . Three delta tabs produced the three fingers, as expected. When five delta tabs were used, however, a tendency for an interaction was apparent. Two adjacent fingers were clearly drawn close to each other. Occasionally, the affinity would switch and a different pair would be drawn to each other. It was noted that although the flow deformations were generally steady there was some unsteadiness in all cases, which was more pronounced in the five delta-tab case. When six delta tabs were used, the flow field settled back into the steadier three finger configuration, as can be seen. This is obviously due to interaction among the streamwise vortices, though the exact nature of the interaction remains unclear. This issue is addressed further in Sec. III C. The visualization data for the six delta-tab case is also commensurate with the corresponding Mach number contours shown in Fig. 4 . From the flow visualization pictures for the two, four, and six delta-tab cases, it should be clear that the area of the mixing layer exposed to the ambient has stretched the most in the four delta-tab case. Based on this fact alone, one would expect larger entrainment in the four delta-tab case, which is commensurate with the maximum mass flux measured downstream (Fig. 5) .
The effects of three, five, and six delta tabs for a subsonic jet at Mj=O.3 are shown in Fig. 11 . These pictures were obtained successively with the same tab settings as in Fig. 10 . Recall that in the subsonic case the smoke-laden core of the jet is illuminated, as opposed to the mixing layer region in the supersonic case. Bearing this difference in mind, the overall similarity between corresponding pictures in Figs. 10 and 11 should be unmistakable. The presumed interactions of the streamwise vortices appear identical in subsonic and supersonic regimes. This testifies further that compressibility has little significance with respect to the effect under consideration. it would produce an outward bulge in the jet cross section, instead of the inward indentation. This was indeed found to be the case, as shown in Fig. 12 . The effect of two such tabs (4~45'3, spaced diametrically, are shown for three different Mi. A large distortion is introduced by each tab with a clear outward ejection of core fluid in the middle. The outward bulge in the middle of the distortion is believed to be due to a pair of streamwise vortices having a sense of rotation opposite to that observed for the delta-tab case. However, apart from the ejection effect, a large overall inward indentation can also be observed in all cases. The pictures in Fig. 12 also indicate that the ejection effect varies with Mach number. It becomes more pronounced with increasing Mj, as the jet becomes more and more underexpanded. The effect is barely detectable at the lowest Mj covered in Fig. 12 , and apparently disappears at subsonic conditions, as will be evident from the vorticity data discussed in Sec. III C.
Effect of tabs with various geometries: Tabs of various other geometries were tried, in an effort to maximize the distortion for a given area blockage. The following is a list of observations made in this connection from the laser sheet visualization of the supersonic jets.
( 1) For a simple tab, the shape of the end of the tab made no noticeable difference in the distortion produced. (2) For a simple tab the distortion produced was influenced more by the width rather than the height of the tab. For example, a tab with w/D=O.O4 and h/D=0.5 (i.e., spanning the nozzle exit) produced less distortion than a tab with w/D=O.O8 and I~/D=0.17.~ (3) With #~=9@ [ Fig. 1 (b) ], tabs of rectangular, triangular, or inverted triangular shapes, but all having about 2% area blockage, produced qualitatively similar distortions of the jet.
(4) The orientation of the tab was more critical than its shape. For the triangular shape, limited experiments for varying 4 showed the most pronounced effect occurring around #= 135" (the delta tab j . Of course, for values of # < 90" the distortion was of a different nature, as described in the preceding section. With larger area blockages permitted, the jet cross section could be almost arbitrarily changed with suitable shapes and combinations of tabs. Additional evidence to this effect will be presented at the end of Sec. III D.
(5) Another observation was made during these deliberations. A simple tab placed slightly downstream from the nozzle end, i.e., leaving a small gap, became less effective. The observation was made while small pieces of masking tape were inadvertently attached to the tabs, in order to hold them tight against the nozzle face under the retainer disk (Fig. 2) . The effect was then studied with varying gap. The effect of the tab progressively diminished with increasing gap and practically vanished when the gap exceeded the tab width. This was discussed in Ref. 7, and pertinent visualization data are presented in Fig. 13 . The pronounced effect of two simple tabs observed for both subsonic and supersonic conditions in the pair of pictures on the top has practically disappeared in the pictures at the bottom when the tabs are placed with a gap equal to the width. An explanation for this effect is provided in Sec. III D. Note once again that the effect is similar at subsonic and supersonic conditions, delineating the fact that compressibility plays an insignificant role in the flow mechanism under consideration. By comparing the picture for the no-gap case at Mj= 1.63, with the pictures in Figs. 8 and 9, it can also be seen that the effect of two delta tabs is visibly more pronounced than that of two simple tabs.
The tab configuration with a gap also failed to eliminate the screech noise; the far field noise spectrum essentially remained unchanged. Recall that the screech noise was completely eliminated when the tab was placed against the nozzle (Fig. 7) .7
Influence oj-boundary layer state and core turbulence:
The effect of two simple tabs, with varying protrusion height, is shown in Fig. 14 for the subsonic jet at Mj=O.5. In Fig. 14(a) , it is observed that even a tab height as small as h/D=O.Ol produces an indentation that is visible. In this case the laminar boundary layer was thin (Table I) and the tab height was roughly twice the displacement thickness (6,). For the thicker turbulent boundary layer case in (b), no clear effect is observable for the same tab height, h/D=O.Ol. Here, the height h is about one-half of 6i. However, when the tab height is increased to roughly correspond to 26,, a clear effect is observed even in the turbulent boundary case, as shown in Fig. 14(c) . Thus the tabs are found to be just as effective in jets with turbulent exit boundary layers. It can also be inferred that a tab height comparable to or exceeding the boundary layer thickness (say, defined as the distance of the 99% velocity point from the wall), is required to produce a significant distortion.
The flow visualization experiments for the supersonic jet, corresponding to the conditions of Figs. 8-10, were repeated for the tripped boundary layer case, as well as for the flow with the turbulence generating grid placed in the upstream plenum. The already described effects of the delta tabs were essentially reproduced for both these conditions.' Thus, even though the exact boundary layer state and the core turbulence intensity remain undetermined in the supersonic jets (see Sets. II and III A), the delta tabs might be expected to work well even in a not so "clean" practical flow environment.
C. Vortkity distribution and pressure gradients Visualization of vortices: Based on past studies on flow over protuberances,i7 and flow visualization pictures similar to the ones shown in Fig. 8 , it was conjectured that streamwise vortices originating from the tabs must be responsible for the observed flow distortions. Sketches of conjectured vorticity distribution for the flow over a simple tab were presented in Ref. 7. However, the presence of the streamwise vortices could not be easily confirmed through flow visualization. It was difficult because these vortices were embedded in a sheet of azimuthal vorticity constituting the mixing layer. The naturally condensed moisture, or smoke introduced upstream, marked both vorticity regions. Thus, the streamwise vortices were not clearly discernible from the background of the mixing layer, when, for example, the flow field was illuminated globally by a spherically expanded beam of light.
The flow visualization method for the following case, however, reasonably identified the cores of the streamwise vortices. For the effect of one delta tab the laser sheet illuminated cross section of the jet, at x/D=2 and Mj= 1.8 1, is shown in Fig. 15 . The view is from upstream at an angle. The ambient is seeded with smoke so that the entire background is bright. The mixing layer region is brighter because of the moisture condensation, and the arcshaped indentation due to the delta tab is quite clear. The brightest region on the lower left is due to reflection from the nozzle block. The core of the jet is dark, as expected. In addition, two dark regions, as marked by the arrows, can also be seen on the corners of the indentation. (Unfortunately, the picture quality in Fig. 15 is not as good as desired. In the actual experiment, these two dark regions could be clearly observed without any visual aid. These appeared analogous to the "eyes" of two hurricanes, which were moving around somewhat about their mean positions.) These two represent the cores of the pair of streamwise vortices originating from the delta tab.
The vortex cores became clear and appeared dark in the bright background only at high Mj . It is not quite clear why the smoke particles do not mark the vortex cores at that condition. It is possible that at high Mj the vortices are sufficiently strong, so that turbulent mixing in the core is reduced and thus "... smoke used to visualize the flow as a whole may never be mixed into the core."18 Additional insight into the effect comes from a computational study, case, these flow visualization experiments strongly indicated the presence of the streamwise vortices in the flow field under consideration. Vorticity measurement: Conventional hot-wire measurements were carried out to obtain the distributions of time-averaged vorticity on a cross-sectional plane of the jet. The measurements could be carried out only for the subsonic flow, and Mj=0.3 was chosen. A 2.54 cm diam nozzle fitted to the same flow facility was used for these measurements. The nozzle was convergent and similar to the one shown in Fig. 2 . The larger nozzle had to be used so that the spatial resolutions provided by the (TSI 1241) X probes were reasonable. Also, after several trials, the measurement location was chosen at x/D=3, so that the spatial resolution was acceptable, yet the location was sufficiently upstream, where the streamwise vortices were spatially stationary and strong enough to be easily detectable. Nevertheless, simple estimates, based on mixing layer thickness and sensor separation in the X probe ( z 1 mm), showed that rather large corrections were needed for the measurement of the v and w component of velocity due to the gradient of u in the mixing layer. The data were corrected following a scheme similar to that used in Ref. 20 .
Two X-wire probes, one in the u-v and the other in the u--w configuration, were traversed successively over the same measurement grid locations. The distributions of the u, v, and w components of velocity were thus obtained over the measurement plane. The gradients of v and w provided the streamwise vorticity, which was nondimensionalized by Uj/D.
The measured streamwise vorticity distributions are shown in Fig. 16 . Data for one, two, and four delta-tab cases are compared with that for the no-tab case. The notab case data, as expected, exhibit amplitudes only in the ,.'.,:"'... measurement noise level. For one delta tab, the cores of a pair of opposite sign vortices are clearly observed. For the two and four delta-tab cases the cores of two and four pairs of streamwise vortices are obtained by these measurements. These data confirm the presence of a pair of streamwise vortices originating from each delta tab. An inspection of the corresponding (v,w) velocity vectors also confirm the sense of rotation of the vortices conjectured before. (In Fig. 16 , solid contours are for counterclockwise and dashed contours for clockwise sense of rotation. ) Peak values of the streamwise vorticity are found to be five to ten times lower than the peak values of the corresponding azimuthal vorticity, approximated as -au/Jr; r being the radial coordinate. However, the values for this ratio as well as the peak values of w, should be considered nominal because of the difficulty in probe resolution discussed earlier. Corresponding streamwise vorticity distribution for the effect of two triangular tabs, with $ = 45", are shown in Fig. 17 . This is the tab configuration expected to result in an ejection of the jet core fluid (Fig. 12) due to the action of a pair of vortices with a sense of rotation opposite to that found with the delta-tab case. However, the sense of rotation of the pair obtained for this case is the same as that for the delta-tab case, and no trace of an opposite sign pair can be detected. Referring back to Fig. 12 , recall that the core fluid ejection effect diminishes with decreasing Mj. An extrapolation of this trend would indicate that the "ejection vortices" might be too weak to be detectable at the subsonic conditions. The expected vorticity distribution for supersonic conditions with this tab is sketched in Fig.  18(a) . Here, the shaded regions represent the cores of the streamwise vortices. Obviously, only the outer pair shown in Fig. 18 (a) has been detected in the data of Fig. 17 . It appears that the inner pair would become prominent only at higher MI when the flow becomes more and more underexpanded. A possible explanation for this trend is discussed in Sec. III D.
Also shown in Fig. 18 is the conjectured vorticity distribution for the six delta-tab case. Recall the interaction of the adjacent "fingers" in the visualization pictures of Figs. 10 and 11. As the number of delta tabs is increased, two opposite sign vortices from neighboring pairs are forced to exist closer to each other. Such a pair of vortices should repel each other rather than amalgamate. Thus, the interaction observed with the six delta-tab case is intriguing. Vorticity measurements for such a case were not attempted due to obvious probe resolution limitations. It is planned for a future experiment in a bigger jet facility. However, based on the flow visualization data it is thought that three alternate pairs are ingested, perhaps, eventually annihilated, by the other three pairs, as shown in Fig. 18(b) .
Pressure gradien& The static pressure distributions on the nozzle wall upstream of the tab were measured. These measurements were performed within the cylindrical section of the long extension (Fig. 2) . Data for a supersonic jet (Mj= 1.63) and a subsonic jet (MjEO.5) are shown in Fig. 19 . The pair of graphs on the left show streamwise distribution of static pressure immediately upstream of the tab; x=0 denotes the tab location at the nozzle exit. Data for different tab cases, indicated in the figure caption, are compared with the data for the no-tab case. Clearly, the maximum static pressure just upstream is produced by the triangular tab with #=45". The static pressures produced by the delta tab are close, but somewhat smaller than this. However, that produced by the simple tab is considerably smaller in amplitude. In contrast, when the simple tab is placed with a gap the resultant pressure distribution is just about the same as that in the no tab case.
The azimuthal distributions of static pressure at x/D = -0.2 for the corresponding cases are shown in the pair of graphs on the right ($=O denotes tab location). The small azimuthal variation of the amplitude for the no-tab case is probably due to imperfections in the pressure taps. As expected, however, one finds that the peak in the static pressure occurs just upstream of the tab(s) and the magnitude falls off gradually on either side. The relative effect on the amplitude for the four different tab cases is essentially the same, as discussed in the previous paragraph. These data demonstrate that each tab, when placed against the nozzle lip, sets up a "pressure hill" upstream on the ---, delta tab; ---, simple tab; . ..., simple tab with a gap (Fig. 13) .
nozzle wall. The peak amplitude of this "pressure hill" gradually falls off with increasing distance from the tab. The "pressure hill" is thought to be the main source of streamwise vorticity, as discussed next.
D. Streamwise vorticity geneeation mechanism
As should be clear from the foregoing discussions, the observed distortion of the jet is caused by a pair of streamwise vortices produced by each delta tab. The sense of rotation of this vortex pair is opposite to that expected from the wrapping of the boundary layer around the tab. For simplicity we will refer to the observed vortex pair as having a "positive" sense of rotation. The wrapping of the boundary layer would have yielded "necklace" or "horseshoe" vortices, having a "negative" sense of rotation." (This sign convention does not apply to the signs shown in Fig. 18 .) An example of a vortex pair with "positive" sense of rotation is the pair of "trailing" vortices originating from a wing placed in a free stream at an angle of attack (Ref. 21) . Based on studies on the generation of trailing vortices, e.g., cited in Ref. 21, it was conjectured in Ref. 7 that a substantial pressure differential must exist across the tab in order for it to effectively produce the streamwise vortices. In the following, the role of the pressure gradients is examined further.
Two sources of streamwise vorticity may be recognized It is thought that other vorticity sources that are operative in compressible flows, e.g., unsteady flow interaction with shock, L'baroclinic torque," etc.,"3 must not be significant, simply because a similar overall effect of the tab is observed in supersonic and subsonic conditions. The pair of vortices produced would have the "positive" sense of rotation [the vortices could be thought of as "rollers" rolling down the sides of the "pressure hill," as sketched in Fig. 20(d) ]. Here, it is reemphasized that all the flow visualization pictures and the vorticity data discussed in this paper are steady flow results based on time averages. The "pressure hill" is also a steady source producing a steady pair of streamwise vortices.
Vorticity source 2 is sketched in Fig. 21 . Sheets of vorticity are shed from the sides of the delta tab [Fig. 21 (c) l. This is also a steady source and can again be attributed to the pressure distributions produced by the tab [ Fig. 21(d) , showing distribution at section B-B in Fig.  21 (c) ]. In Pig. 21 (d), the pressure is shown to be slightly lower than ambient pressure at the edges that may be expected due to streamline curvature; but this is unimportant in the present context. A vortex filament, which is a part of the vortex sheet shed over a finite time, is initially aligned One can now see that the reorientation is accomplished with relative ease in the delta-tab case as the filament has already started with a favorable inclination [ Fig. 21(e) ]. For the triangular tab with 4=45" the reorientation may be accomplished only partially for the part of the filament lying in the mixing layer [ Fig. 21 (f) ]. Most of the filament contained in the jet core would retain the original orientation, yielding a vortex pair with a "negative" sense of rotation. It is, however, clear that streamwise vorticity from sources 1 and 2 will add in the delta-tab case, both contributing to the formation of the "positive" vortex pair. This should explain the stronger effect in the latter case. It should also take a minor extension of the same reasoning to explain the stronger etfect of the delta tab compared to that of the simple tab.
For the tab with #=45", one would expect a "positive" vortex pair originating mainly from source 1, which is partially augmented by source 2. In addition, a second "negative" vortex pair from source 2 is also expected. This reasoning led to the sketch in Fig. 18(a) , which is commensurate with the tlow visualization pictures of Fig. 12 . For the subsonic case, however, only the "positive" vortex pair was detected (Fig. 17) , suggesting that source 1 must be dominant in that condition. From the discussions in the previous sections, it should be apparent that the tabs work well in subsonic jets, very well in underexpanded supersonic jets, but not so well or at all in overexpanded supersonic jets. An explanation for this trend lies in the pressure gradients existing near the nozzle exit for the different conditions. It is clear that the strength of both vorticity sources 1 and 2, discussed in the foregoing, should largely depend on the maximum pressure generated upstream of the tab. This maximum pressure amplitude would be affected by the pressure gradients already existing near the nozzle exit for the different flow conditions. Typical static pressure variations inside the jet nozzle for different supersonic conditions are sketched in Fig.  22 . The underexpanded and overexpanded cases are characterized by a favorable and an adverse pressure jump, respectively. The fully expanded case is characterized by a continuous variation, which would also be the case at subsonic conditions. When a tab is placed at the nozzle exit, it creates a pressure differential across itself. This would be augmented in the underexpanded case but diluted or even reversed in the overexpanded case. The strength of especially source 1, discussed in the preceding, would be affected commensurately, being strongest in the underexpanded case, weaker in the subsonic case, and the weakest in the overexpanded case. This should explain the observed trend.
When the tab is placed with a gap, the pressure gradients diminish partially or completely (Fig. 19) , thus re- pressure gradient would also be expected to diminish the strength of source 2, the latter source should still be operative when the tab is placed with a gap. Vortex filaments should be shed from the sides of the tab and reoriented downstream, as sketched in Fig. 21 . Thus, the ineffectiveness of the tab in the case with the gap again suggests that source 1 is dominant in the present flow for the generation of streamwise vorticity. Finally, with reference to the discussion in Sec. III B, Fig. 23 is included here to emphasize, once more, the powerful effect of the tabs. Especially if larger flow blockages were allowed, the jet cross section could be altered almost at will with an appropriate choice of the tab geometry. in this figure, the "T" was produced by three delta tabs with uneven spacing, the "H" by two delta tabs, the "E"s by a wide simple tab, and a triangular tab with +=45", the "N" by two large simple tabs with some twists, and the "D" by a simple tab with large width. The tab configurations are shown schematically in the figure.
V. CONCLUDING REMARKS A vortex generator configuration, referred to as a delta tab, has been found to be quite effective in influencing jet evolution and mixing. With relatively small thrust penalty, it increases the jet mixing substantially. The method may be attractive in a variety of applications, e.g., in "ejectornozzle" configurations, where a fast mixing of the primary jet with the secondary stream is desired within a minimum length of the ejector. A conceptual attractiveness of the method is that the delta tabs could be used in an "active sense," they could be inserted in the flow when needed but withdrawn when not desired.
The flow fields for typical tab cases have been explored in some detail by flow visualization as well as by quantita-tive flow field measurements. The flow visualization pictures vividly illustrate the profound effect of the tabs on the jet evolution. A pair of streamwise vortices originate from each tab. This is inferred from the flow visualization pictures and confirmed by vorticity measurements. The dominant streamwise vortex pair is found to be similar to the "trailing vortices" rather than the "necklace vortices." The effect of the pair is to produce an indentation into the core of the jet. The effects produced by a simple tab and a delta tab are similar, but they are more accentuated in the latter case. Two delta tabs completely bifurcate the jet. Three and four delta tabs produce a corresponding number of indentations into the core of the jet. As a result the mixing layer is extruded into corresponding number of "fingers." When the number of delta tabs is increased further, an interaction takes place among the neighboring vortices. The precise nature of this interaction remains unclear, but it is likely that alternate vortex pairs are ingested and eventually annihilated by the neighboring pairs.
Mach number contours measured over the jet crosssectional plane clearly demonstrate the increased spreading of the jet under the influence of the delta tabs. The increase in mixing is found to be a maximum when four delta tabs are used. One possible explanation for the increased mixing is simply the increase in the area of the mixing layer exposed to the ambient. Such an increase in the area would be expected to cause an increase in the entrainment of the ambient fluid. However, one would also expect that the streamwise vortices undergo a breakdown farther downstream. Such breakdown and the resultant unsteadiness would also increase entrainment and jet spread. At this time it is not clear whether the observed increase in the mixing is caused mostly by the "area increase" or the "vortex breakdown." This issue, together with the unsteady aspects of the flow field, will be addressed in the future.
It is believed that the pressure gradients produced by the tabs are the main sources of streamwise vorticity in the present flow. Two sources of streamwise vorticity are identified. One is due to the upstream "pressure hill," and the other is due to vortex filaments shed from the sides of the tab and reoriented downstream by the mean velocity gradient. Vorticity from the two sources supplement each other in the delta-tab case explaining the stronger effect in that configuration.
The postulated vorticity generation mechanism reconciles the ineffectiveness of the tabs in an overexpanded Sow. The pressure differential produced by the tab is diluted or even reversed by the adverse pressure jump already existing near the nozzle exit in that condition. The strength of the vorticity sources is thus reduced in that condition. Based on the data presented for the triangular tab with #=45", it also appears likely that source 1 is the dominant one in the present flow. This notion is reinforced by the observations made with the tab placed with a gap. In the latter configuration, source 1 vanishes, but source 2 should still be operative. Yet the tab becomes virtually ineffective, indicating that source 2 must be much weaker relative to source 1.
